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Abstract— The effect of introducing a delay between a joystick and 
a motor controller is investigated.  Time-delays are introduced to 
a HCI for an intelligent wheelchair.  The effects of the time-delays 
are then investigated.  The ability of wheelchair users to complete 
tasks is considered.  Two systems and two different ways for 
drivers to interact with their wheelchairs are considered in various 
situations.  Wheelchair drivers were scrutinized while they 
completed a task with their wheelchair.  Time-delay was 
introduced to investigate errors made by drivers undertaking tests 
with and without sensors and a computer system to assist them.  
As the delay was extended then more errors were made.  When the 
time-delay was longer or when the wheelchair was moving through 
more complex situations then users did better when assisted by a 
sensor system.  It is suggested that in simpler situations with a 
shorter time-delay then little sensor assistance was required but 
more assistance was needed in more complicated situations or 
when the time-delay was longer.  So it might be better to vary the 
sensor support provided depending on the difficulties being 
encountered.  
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I.  INTRODUCTION 
Reaction times (RTs) are affected by: gender, physical 
fitness, tiredness, distraction, personality type, alcohol, age, and 
whether stimuli are visual or auditory.  For example, patients 
with Parkinson's disease have longer RTs [1].  So, time-delays 
and their effect on performance of powered wheelchair users are 
investigated in this paper.  Several different environments were 
investigated and users were provided with ultrasonic sensors that 
could assist them.  Drivers used a joystick to control their chair 
and complete tasks with sensors assisting them and then with 
sensors disabled. 
Some background is presented followed by a description of 
the system, then the tests are explained and some outcomes 
described.  To close there is a discussion and some conclusions, 
including suggestions for work in the future. 
A key conclusion was that wheelchair drivers may perform 
better in simple environments without any sensors assisting 
them [2-5].  Time-delays were introduced between the joystick 
and controller and with sensors disabled, user error rates 
increased appreciably as time-delays increased. 
II. BACKGROUND 
Slower reactions create time-delays.  They can add 
distortions to control commands and control feedback [6] and 
can diminish performance [7].  Driving tends to compromise 
between stability margins and transparency [8].  A few control 
approaches for driving with unvarying delay times have been 
described [9] as well as some with varying time-delays [10]. 
RT is the time taken for messages to travel from sensors (for 
example eyes) to the brain and then on to a muscle (for example 
in the arm). Cells called neurons within the nervous system 
convey messages from and to the spinal cord and brain.   Many 
factors affect RT. Patients with akinesia have significantly 
longer RTs [11, 12] and a lesion of the right basal ganglia causes 
a lengthening of RT [13]. RT has been studied widely [14] as it 
can be important, for example slower RT can cause driving 
accidents [14]. 
The flow of information in a vertebrate can be denoted as: 
Stimulus to Neuron to Spinal-Cord / Brain to Motor to Neuron 
to Response. A sensor neuron converts a stimulus into an 
electro-chemical signal within a sensory neuron that travels 
 
through the nervous system to a motor neuron. The motor neuron 
causes a muscle to contract or a gland to secrete. 
Examples of things that affect RT are: Age, Right handed vs 
Left, Practice, Errors, Physical or Mental Fatigue, Distraction, 
Warning of Imminent Stimulation, Alcohol, Personality Type, 
Exercise, Threats, Stress, Stimulants, Learning Disorders, Brain 
Injury and Illness (for example minor upper respiratory tract 
infection). 
This work was especially interested in the delay due to age, 
learning disorders, brain injury and illness, and less interested in 
personality type, gender, intelligence and alcohol.  But the work 
is considering the effect of practice, making errors, physical or 
mental fatigue, stimulants and distraction on RTs and therefor 
delay.   
Wheelchairs are often controlled with manual input 
transducers, for example joysticks [15] although other input 
transducers have been used, such as pointers [16,17], switches 
[18,19], or a custom built Human Computer Interaction (HCI) in 
the form of a virtual reality interface [20].  The controllers 
usually interface between a lower current input device with a 
higher current actuator that typically drives a motor(s) connected 
to a wheel(s). 
Disturbances can be introduced because of variances in the 
wheels or because of different reactions to a gradient or a surface 
[18,19] or because of time-delays [9, 21-23] due to longer RTs 
[14].  Wheelchair drivers react to each disturbance and try to 
correct their steering. 
III. SYSTEM 
Ultrasonic transducers provide a reliable and economical 
solution for obstacle detection and ranging in close-proximity 
indoor environments [24]; they are robust and simple.  40 KHz 
receiver / transmitter pairs were installed on the forward-face of 
the chair.  The basic sound image provided a depiction of the 
surroundings. 
A joystick and a parallel interface delivered signals to a 
digital controller (fitted with analogue interfaces).  That drove 
current to the DC servo-amplifiers on a BobCat II wheelchair 
base.  This allowed a powered wheelchair to be driven under the 
control of the computer that is by “fly-by-wire” [25].  The 
system sensed obstacles in the surroundings and modified 
control signals.  The system is described in [3, 5, 26, 27].  So the 
link between the chair and joystick was disengaged and a 
microcomputer inserted.  The computer handled control data.  
The computer interrogated and activated the sensors and was 
programmed to adapt the path of the chair. 
If required, data from the joystick could go directly to the 
powered wheelchair controller without modification.  So the 
powered wheelchair reacted directly to input form joysticks.  
The software was assembled in the way presented in [28] with 
three main control levels (Servo, Strategic and Supervisory) as 
used in [29, 30]. 
Procedures employed these rules: Trajectories are only 
modified when necessary; Wheelchair movements must be 
controlled and smooth; User stays in overall control. 
IV. TESTING 
Testing was undertaken to: 
• Compare the system being jointly controlled using a 
mixture of computer and human control, with control by 
just a human user, with various time-delays applied 
between the joystick and controller to represent RTs. 
• Record how long it took to achieve tasks with and 
without assistance from sensors as time-delays rose and 
gaps between obstacles were reduced in width. 
• Record the minimum gap that a human wheelchair user 
could safely drive through as time-delays were 
increased, both with and without sensors. 
Eight groups of tests were conducted for each course.  Four 
without sensors or automatic assistance and four with sensors 
and with automatic assistance.  An obstacle course was created 
for each test  within various environments: 
LABORATORY. Only two staggered objects placed on a 
flat floor with perpendicular walls around it. 
SIMPLE CORRIDOR. Sloping and flat surfaces. Vertical 
walls.  No doorways.  Staggered objects placed on the floor. 
COMPLICATED CORRIDOR.  Sloping and flat surfaces. 
Vertical walls.  Doorways.  Some things on the walls (radiators, 
door surrounds etc).  More obstacles in staggered formations. 
OUTSIDE ENVIRONMENT.  Complicated surroundings 
with sloping and flat surfaces.  Sloping and vertical edges.  
Objects and obstacles positioned within outside environments. 
Staff and students at the University of Portsmouth 
volunteered to drive during the testing.  They were mainly 
students.  A clear explanation of the study was provided 
(including benefits and risks) and the University Ethics 
Committee approved the testing procedure.  There were 12 
females and 38 males.  The 50 contributors were 18-53 years old 
(SD 5, Mean 23).  Tests were repeated because the performance 
of human drivers was variable.   
Drivers repeated test runs as many times as they wanted to, 
or available time allowed.  So they were able to learn and 
perform at their best as the time-delay was extended. The 
experiments were viewed as enjoyable and subjects were 
competitive.  People tried to beat others and their  best times and 
performances. As time-delays became longer, numbers of failed 
test runs and numbers of successful test runs were logged.  To 
be counted as a successful test run, a test course needed to be 
completed without any collisions. A failure was recorded if any 
collisions occurred. 
A first set of experiments compared the ability of the human 
wheelchair drivers to drive around courses with obstacles set 90 
cm apart; 10 cm broader than the chair (5 cm each side).  That 
was repeated with the intelligent computer systems assisting 
users.  Then the two sets of tests were repeated with smaller and 
smaller gaps.  When a test was successfully completed with a 
smaller gap then the user made at least one more attempt at the 
other test (with or without the computer and sensor system) to 
ensure the successful result was not just because the user had 
learned the way the system worked.  If they again successfully 
 
completed the course passing through smaller gaps then at least 
one other attempt was made at the original course and with the 
original set up.  Test runs started with a standing start at pre-
determined starting positions and gaps were checked by three 
researchers using measures.  If not enough sets of results were 
logged (not enough result pairs) then those results were rejected. 
Fig. 1 shows where delay was introduced before movement 
instructions were sent to the chair (h2).  It was possible to delay 
the velocity command to the motors (v1) so that signal (vr) was 
delayed. h is total time-delay consisting of h2 (forward delay) 
and a backward delay h1.  Fig.2 is a sketch of Complicated 
Corridor Number Three. Arrows show a general route for a 
wheelchair.  Shaded blocks are the obstacles in the wheelchair 
path.  Complicated Corridor Three also included two double-
doorways where one door was kept shut and the other open.  
That meant the chair had to be zig-zagged to pass through them. 
 
Figure 1. Delays in the system.  Based on the system in [10] 
Figure 2. Complicated Corridor One 
A camera was fixed on the chair to observe and record the 
tests while the driver used their joystick to guide their chair.  
Fig.3 shows the scene from the camera as it moved though 
Complicated Corridor Two.  At the end of the corridor, the 
researcher with the laboratory digital clock can be seen.  Another 
researcher followed the chair with a stop watch.  The series of 
pictures shows a successful test run with a delay of 2s. 
V. RESULTS 
The wheelchair automatically avoided obstacles when the 
assistive computer systems were connected.  There were some 
chaotic factors that affected the result, including variation in 
wheel position, slope or floor surface, or the trailing casters 
could send a chair off the desired path. 
A. Operation with and without sensors. 
Fig.4 displays the average of best time to finish a variety of 
routes.  Average time to finish successful runs is shown on the 
vertical scale.  Simple environments are to the left in each graph 
shown in the Figs, for example empty corridors and laboratory.  
The results show that drivers completed the simpler routes more 
quickly when they did not have any assistance from the sensors 
and computer system.  More complex routes are shown to the 
right, for example outside routes and complicated corridors. 
Figure 3. View from the  camera on the wheelchair being assisted by the 
sensor system and moving though one of the complicated corridors 
Wheelchair users finished the more complex routes faster 
when the sensor and computer system was connected and 
working.  The lower graph shows the average of fastest times 
when a 1s delay was introduced. 
 
Figure 4. Average of best time to complete routes in Simple Corridor 2 
Each time a test took place, gaps were reduced by 0.5 cm.  The 
thinnest set of gaps that a driver successfully navigated through 
were recorded with the number of failed and successful runs.  
Drivers completed courses with thinner gaps when utilizing the 
computer and sensors.  Fig.5 shows the average improvement in 
cm when using the sensors and microcomputer.  The graph at 
the top is without any time-delay and the graph at the bottom is 
with a 1s delay.  As simpler environments were changed into 
more complex environments or gaps changed to be thinner then 
drivers found it trickier to judge the width between obstacles.  It 
 
was more difficult for them to pass through the thinner gaps.  
Drivers relied more on the sensor and computer systems.  
Drivers successfully drove through thinner gaps when the 
microcomputer and sensors were being used.  Gradients, hills 
and surfaces had a tendency to turn the chairs and sensors 
became more useful in those cases.  The microcomputer 
consistently corrected wheelchair angles and as time-delays 
increased then the results were more noticeable.  Wheelchairs 
were driven faster through thinner gaps with the assistance from 
the sensors, especially when time-delays increased.  Fig.5 shows 
the gaps acheived with and without the sensors engaged and 
without any delay (top).  The bottom graph shows the gaps 
acheioved with and without the sensor systems engaged but with 
a delay of one second introduced. 
Figure 5. Results from varying gap width with a time-delay of 1s (bottom) 
B. Times to complete courses 
As gaps became thinner and time-delays increased, then the 
fastest time to complete routes and tasks was logged.  When gaps 
widened, drivers completed courses faster without sensors and 
when gaps became thinner then wheelchair drivers completed 
routes and tasks faster with sensors and the microcomputer. 
C. Failure Rates 
Fig.6 displays failed and successful attempts with and 
without sensors and the microcomputer assisting drivers.  The x 
axis is a list of different environments.  Average numbers of 
failed and successful trials is to the left.  The center bar shows 
percentage of failed attempts.  The right shows the difference 
between failures when being assisted and when not.  The top bar 
chart is when there was not any delay and at the bottom are the 
results with 1s delays. 
VI. DISCUSSION AND CONCLUSIONS 
In simpler situations, wheelchair drivers performed faster 
without sensors assisting them but in more complicated 
environments or with longer time delays then they were quicker 
with sensors assisting them.  With wider gaps or in simpler 
situations then drivers consistently performed faster without 
help.  As gaps reduced or environments became more 
complicated, or as time delays increased then drivers found 
driving more difficult and the sensors became more and more 
useful.  When the situations became more complicated then 
drivers performed better with help from the sensors.  As gaps 
reduced, assistive systems were consistently quicker than human 
drivers by themselves. 
 
Figure 6. Comparing average number of failed and successful attempts with 
1s delay 
Time-delays were only introduced between the joystick and 
controller.  Delays could be introduced elsewhere. Further 
statistical analysis could be conducted and delay compensation.  
A delay could have been introduced in two places but it was only 
introduced in displaying the camera view to the tele-operator.  
The system needs to be retested with a delay after the joystick 
and before transmitting the movement instructions to the mobile 
robot as results may then be significantly different.  In any real 
system a delay would probably be present in both if it was 
present in one. 
An implication of the results is that sensors should not be 
used in freely navigable regions with good views but should be 
reserved for more complicated situations. 
Intelligence [31-34], input devices [35] and force sensing 
[36] could be included.  Modelling [37-40] and decision making 
[40-45] are now being investigated for future application. 
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